Modular Sensor Platform for Service-oriented Cyber-Physical Systems in the European Tool Making Industry  by Schuh, Günther et al.
Available online at www.sciencedirect.com
2212-8271 © 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the International Scientific Committee of “The 47th CIRP Conference on Manufacturing Systems” 
in the person of the Conference Chair Professor Hoda ElMaraghy” 
doi: 10.1016/j.procir.2014.01.114 
 Procedia CIRP  17 ( 2014 )  374 – 379 
ScienceDirect
Variety Management in Manufacturing. Proceedings of the 47th CIRP Conference on Manufacturing 
Systems
Modular Sensor Platform for Service-oriented Cyber-Physical Systems in 
the European Tool Making Industry
Günther Schuha, Martin Pitscha, Stefan Rudolfa, Wilhelm Karmanna,*, Martin Sommera
aLaboratory forMachine Tools and Production Engineering (WZL) of RWTH Aachen University, Steinbachstr. 19, 52074 Aachen, Germany
* Corresponding author. Tel.: +49 241 80 20396; fax: +49 241 80 6 20396. E-mail address: w.karmann@wzl.rwth-aachen.de
Abstract
Within the German Government founded research project “Smart Tools”, a modular sensor platform for service-oriented cyber-physical 
systems is being developed to facilitate incorporation of state-of-the-art sensor technology into an injection moulding tool. Core element is an
integrated diagnostic unit which provides intelligent data interpretation algorithms and an electronic toolbook for data storage and management. 
Besides surveillance of tool operations using force, position and thermal sensors, experimental research is focusing on the application of solid 
borne sound sensors for online early detection of tool wear in order to reach higher operational availability of the tool and higher efficiency of 
serial production.
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1. Challenges of the European Tool Making Industry
The tool making industry holds a key position in the value 
chain of manufacturing companies. Not only does every ramp-
up of serial production depend on the on time delivery of 
efficient tools. The position of the tool shop at the interface of 
product development and serial production also allows tool 
making companies to develop customer-specific services that 
drive innovation in product design and efficiency of serial
production. This is especially important for European tool 
making companies who need to distinguish themselves from 
global competitors and overcome the challenges of production 
in high-wage countries. [1, 2]
1.1. Characteristics of Tool Production
Tool production is typically carried out as a single piece or 
small batch production where each tool is a unique product 
that determines the shape and quality of a corresponding serial 
part. With every new serial part demanding an individual tool 
it becomes clear that no two production processes in the tool 
shop are alike, thus impeding the generation of economies of 
scale.
In addition to the broad range of products, tool production 
is characterised by a high variance of order types. On the one 
hand, the tool shop has to supply new or modified tools for the 
serial production of new serial parts. On the other hand, the 
tool shop is responsible to provide serial production with 
ready to use tools at any given moment, reducing the 
downtime of the production machines (e.g. injection moulding 
machine, mechanical or hydraulic press) and resulting in 
short-term repair and maintenance orders.
Thereby a major challenge with regard to safe and 
controlled processes is represented by both the high variance 
of the product spectrum and in particular the variance of order 
types adding up to the overall complexity of tool production 
processes.
1.2. Challenges for Tool Production
The European tool making industry faces three major 
challenges of production in high-wage countries, an increasing 
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product derivatization, shorter product life-cycles and lower 
factor costs of global competitors.
Both the increasing derivatization of the products and 
shorter product life-cycles describe the change of the 
customer's focus from individual production to mass 
customization resulting in an increasing variety of products as 
well as an increasing complexity in production. This 
development directly influences the tool making industry 
which provides the operating resources for efficient and 
innovative production. Due to the smaller batch size of the 
individual serial part, the tooling costs make up an increasing 
share of the overall product costs resulting in lower entitled 
costs for each individual tool. This increases pressure on the 
tool shop, especially in high-wage countries, since many 
operations within the development and production of tools are 
carried out manually. [1, 3, 4]
Furthermore, the European tool making industry faces 
growing challenges in dynamic global markets. Competitors 
from low-wage countries in Asia and Eastern Europa put 
additional pressure on the global tool prices thereby 
challenging the European tool making industry over the last 
decade. The predominant strategy of focusing on cost cutting 
and differentiation through high quality tools to maintain the 
competitiveness has not worked out [3, 4]. Since European 
tool making companies cannot compete against competitors 
from low-wage countries through means of an aggressive 
price policy, they need to differentiate themselves otherwise 
[5].
1.3. Overcoming the Challenges of Production
In order to overcome the challenges of production,
European tool making companies need to adapt two basic 
principles of the industrial production of tools, focusing and 
cooperation. By focusing on their core competences and core 
processes, tool makers are able to standardise tool design and 
structure, thereby significantly reducing the variety of existing 
process chains, reducing lead time and improving overall 
efficiency of the tool production process. Going along with the 
standardisation of tool design and production processes, tool 
making companies need to cooperate with suppliers to cover 
activities outside their core competences. [6]
European tool making companies have to develop new 
hybrid service solutions, combining physical core products 
with customized specifications and individual value-adding 
services [7, 8]. By integrating themselves into the preceding 
and following customer processes, European tool making 
companies can generate additional value for their customers 
and enable themselves to optimize their processes of tool 
design and production in the tool shop. [9, 10] For example 
they can support their customers in the design of products, 
influencing product-specific characteristics with impact on 
tool production at an early stage. This enables them not only 
to drive innovation for their customers but to reduce sources 
of error at a later stage in the tool or serial part production 
process. [6]
Imperative for the design of new customer-specific 
services, especially with the aim of improving serial 
production and reliability of the tool, is the generation of 
information on the tool's condition during its operational use. 
This means that tools have to be equipped with state-of-the-art 
sensor technology and evolve to smart tools that share 
information with their environment and interact with the 
production unit in a cyber-physical system.
2. Cyber-Physical Systems for the Tool Making Industry
Within the German Government founded research project 
“Smart Tools” research is focusing on the development of 
tools with integrated state-of-the-art sensor technology. The 
intention is to elevate a regular injection moulding tool from a 
mere operational resource to an innovative service-oriented 
modular cyber-physical system that communicates with its 
environment, sharing information about its condition during 
operational use and therefore allowing the operator to operate 
the tool under optimal conditions.
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2.1. Definition of Cyber-Physical Systems
Cyber-physical systems are a new generation of systems 
integrating computational and physical capabilities. The 
combination of cyber systems and physical systems can be 
monitored by user defined semantic laws and thereby interact 
with humans. Cyber systems are collections of control logic 
and sensor units, while physical systems are collections of 
actuator units.
Through the ability to interact with and expand the 
capabilities of the physical world using computing power,
communication technology and control mechanisms, cyber-
physical systems facilitate feedback loops, improve 
production processes and support humans optimally in their 
decision making processes [11, 12]. They lay the foundation 
for reliable production planning and drive forward automation 
of production processes by the ability to share and pass on 
information. [13]
Using appropriate sensor technology, cyber-physical 
systems are able to directly receive physical data and convert 
them into digital signals. They can share this information and
access available data by connecting to digital networks, 
thereby forming an internet of things. [14]
2.2. Cyber Physical Systems in the Tool Making Industry
Applications of cyber-physical systems have been 
successfully established in many areas but particularly in the 
areas of infrastructure, production technology, aviation, 
aeronautics and defense, energy or medicine. They detect 
when cars are coming up to a stop at a traffic junction and 
dynamically adapt the cycles of the traffic light, control the 
in-flight stability of military jets or enable the products in a 
flexible production line to send set-up data to the production 
machine for their upcoming manufacturing step. [11]
In serial production, the exchange of digital information 
across cyber-physical systems radically enhances efficiency, 
safety and production capabilities. Production machines are 
enabled to communicate with every step of production in real 
time, maintaining a constant flow of information to track new 
orders, raw materials availability, shipments, production
quotas, supply chain networks and human resources.
A cyber-physical system for the tool making industry 
should be able to monitor and document the condition of the 
tool during its operational use by means of integrated sensor 
technology. This will support early detection of tool wear and 
prevent further damage to the tool, thereby enhancing the 
operating life of the tool and the efficiency of serial 
production.
For tool making companies the introduction of cyber-
physical systems in the tool making industry using sensor-
equipped smart tools supports the transition from tool 
providers to service providers (figure 1). By generating 
information on the tool condition during operational use, 
customer-specific services in the area of after sales can be 
developed.
3. Transforming Tools from Operating Resources to 
Smart Tools
Todays demands for the tool making industry are no longer 
limited to delivering tools of a certain quality. Rather, 
customers demand their tools to be an integrated system 
solution that optimally adapts to its specific working 
environment.
3.1. Concept and Design of Smart Tools
Smart Tools are operating resources equipped with state-
of-the-art sensor technology which allows them to provide a
unique level of transparency of the tool’s condition during its 
operational use. An integrated diagnostic unit provides 
digital dial gauge
digital flow meter
thermal detector
solid borne
sound sensor
position sensors
Modular sensor platform
Diagnosing software and 
electronic toolbookSensor-equipped „Smart Tool“
Figure 2 Surveillance strategy for sensor-equipped Smart Tools
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intelligent data interpretation algorithms while an electronic 
tool book guarantees safe storage and availability of the 
collected process data for further applications (figure 2).
The provision of data and the visualization can be 
implemented on stationary or mobile devices, depending on 
the interfaces and the requirements of the customers. This 
ensures fast access to collected data and supports the rapid 
intervention of running production processes. Besides 
delivering increased transparency of the production process, 
smart tools therefore increase the availability of the tool in
support of zero fault production.
For the design of smart tools there are a few obstacles to 
overcome concerning the widespread application of sensors in 
the tool making industry. Economic issues address the high 
cost implication in regard to the integrated electronic 
components. Technical issues address requirements of the 
sensors in terms of area surface and stiffness. Embedding 
sensors into an existing tool concept often enlarges the 
dimensions of the tool or weakens its wall thickness which 
has an influence on the stability and thermal conduction of the 
tool.
Especially in the case of injection moulding tools, the 
available cooling surface of the cavity is reduced due to 
integrated sensors. This is much less problematic for larger 
injection moulding tools than for smaller ones because the 
area allocated to the sensor covers a lower percentage of the 
overall surface area of the tool.
Thus it becomes clear that the sensor technology itself 
inflicts the productivity and economical use of the tools. In 
order to realize concepts for smart tools even for small 
injection moulding tools, tool manufacturers have promoted a
significant reduction of the sensor size in recent years.
3.2. Selection Criteria for Smart Tool Sensor Technology
Depending on the monitoring task, specific measurement 
principles are applicable, which are fundamental for an 
application-specific sensor selection. Some of the most 
important sensor properties are a high accuracy and a low 
susceptibility combined with a small size. However, due to 
technological constraints trade-offs for the sensor 
specifications are necessary for the sensor selection. Thus the 
sensor selection can only be done after a prioritization of the 
properties.
A well defined sensor specification is the basis for 
selecting sensors. One crucial sensor specifications lies in its 
sensitivity. The higher the sensitivity of the sensor, the more 
accurately it can take up a measured size. Unfortunately, an 
increase in accuracy is often associated with an increase in 
susceptibility. Sensors have to ensure a high level of process 
safety and should have the lowest level of disturbance as 
possible. To select a matching sensor, almost all boundary 
conditions of the process must be known and considered in 
the sensor selection. Another aspect of the proposed 
specification is the possible type of mounting. Depending on
the available surface area for sensor placement, the type of 
mounting can pose a big or small challenge. For combined 
sensors it is not possible to cover the entire measurement 
range in the same quality like a single sensor, but it can 
significantly save space and cost.
3.3. Surveillance Strategies for Sensor-equipped Smart Tools
Following the suggested selection process for integrated 
sensor technology in smart tools, the following sensor 
concepts have been selected for the research project “Smart 
Tools”:
x Thermal detector on nozzle side
x Thermal detector on extractor side
x Flow meter for control of the cooling circuit
x Force sensor for detection of extractor force
x Digital dial gauge to control opening of plates
x Position sensor to monitor plate movement
x Position sensor to monitor extractor movement
x Solid borne sound sensor to monitor malfunction of the 
tool (e.g. tool wear, abrasion, lack of lubrication)
First experimental research using the solid borne sound 
sensor for the early online detection of tool wear returned 
promising results. Following the targeted damaging of a 
guiding bolt using first a peening tool and then a milling tool, 
the tool was operated under normal conditions and the 
recorded noise emission was compared to the noise emission 
with fully functional guide bolt. While the targeted damage 
with the peening tool returned no abnormal behaviour, the 
following targeted damage using a milling tool lead to 
significant erosion detected by the sound sensor already after 
the third cycle. First results suggest a benefit of about 10 min 
time advance compared to no application of sound sensors.
Other Scenarios to be investigated in the future using the 
same smart tool setup and integrated sensor technology within 
the research project include:
x Targeted abrasion of the mould pusher
x Targeted abrasion of the spindle
x Tearing of the lubrication film due to fast opening and 
closing of the tool
x Wear of the hot runner due to varying injection pressures
4. Modular Sensor Platform
With customers demanding smart tools to be provided in 
the same time frame as regular tools, tool making companies 
have to come up with solutions to integrate a customer-
specific selection of sensors in a standardized way. For this 
matter, within the research project “Smart Tools” a modular 
sensor platform is being developed that allows attachment of a 
variety of pre-selected sensors based on customer-specific 
preferences.
4.1. Definition of Modular Product Platforms
Modular platform designs are one of the product structure 
types named in widespread categorization of product 
structures [15,16]. Other product structures are model range, 
modules and packages. While model ranges are based on 
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scaling of technical objects in different size levels, modular 
product platforms are used to standardize elements of a 
product. The reason is to provide an extensive product family 
due to a less amount of different components. SCHUH
describes modules as attachments with different functions, 
which have a uniform interface [15].
A product platform as a product structure is characterized 
by one or few basic bodies, which are mounted with 
differently varied attaching parts at different stages of product 
assembly [17]. A definition of BIEGERT describes the 
complete modular product platform design as the possibility 
to generate all products from multiple installed elements 
without individual solutions for which characteristic special 
elements are required [18].
4.2. Requirements for Modular Sensor Platforms
The goal of developing a modular sensor platform is to 
reduce manufacturing costs of customer-specific smart tools 
and thereby increase the competitiveness of manufacturing 
companies on global markets. This is achieved by reducing 
the complexity of the sensor system using preselected sensors. 
A sensor selection could be generated with the help of a 
special query. Therefore all specific parameters which 
describe the process and help to control and analyse it should 
be recorded. After entering all parameters, e.g. working range 
of sensors, the boundary conditions of the process in the form 
of environmental influences, mounting location and possible 
dimensions, an individual sensor selection can be configured. 
Due to the variety of sensor types, information on pre-
selected sensors including all specifications is provided and 
managed in a software-supported database, granting the tool 
maker access to a large range of possible sensor 
combinations. Possible parameters which can help to 
determine an individual sensor assembly are measurand, 
potential disturbing factor, output signals and the principle of 
measurement. Furthermore the measuring tolerance, the 
physical dimensions and the signal processing could also be 
helpful factors. Depending on the values entered, a possible 
sensor selection can be provided.
Another major advantage of modular sensor platforms 
consists in the pre-configured software of the analysis unit, in 
which all sensor configurations are stored. If a sensor is 
selected in the system due to query, connection and evaluation 
settings should automatically be installed to the analysis unit 
to ensure functionality directly after wiring.
One of the biggest challenges in creating a modular sensor 
platform is the placement of the sensor pools, as well as the 
pre-configuration of each sensor. Reducing the complexity by 
using commonality management is instrumental in this stage 
of development. The higher the field of possible sensor tasks 
combined in a single sensor, the lower the number of sensors 
to be implemented.
4.3. Basic Structure of Modular Sensor Platforms
The basic structure of a modular sensor platform for smart 
tools depends on customer requirements for the product and 
its production process. These requirements are expressed on 
the basis of technical and economic considerations. 
Manufacturing companies verify the implementability to the 
tool. The results are the overall function variants which have 
to be met by the entire modular platform.
The development of a modular sensor platform is based on 
precise arrangements regarding product specifications. During 
the preliminary stage, all requirements involved in the 
development will be documented in form of a requirement 
list. Within the research project “Smart Tools” the following 
basic requirements were identified:
x improvement of productivity
x avoid damage to the tool
x improving the quality of products produced by the tool
x increase the safety of the tool
x improving process safety
x simplified operation
4. Conclusion
Within the German Government founded research project 
“Smart Tools”, an industrial product-service-system (IPS²) for 
the tool making industry has been developed based on a 
modular service-oriented cyber-physical system. The project 
focusses on the development of intelligent injection moulding 
tools, especially under consideration of requirements in the 
whole value chain from the tool making company over the 
tool operator to the customer of manufactured goods.
Core element of the cyber-physical system is a modular 
sensor platform with a connected diagnostic unit. This paper 
presents how the existing approach of modular platform 
design can be applied to develop a modular sensor platform 
for injection moulding tools. Accounting for the broad range 
of different tool designs, the platform incorporates a selection 
of pre-selected sensors and a pre-configured analysis software 
to allow a customer-specific setup of the sensor system.
Furthermore the project focusses on surveillance strategies 
for injection moulding tools to deliver solutions for the online 
early detection of tool wear using state-of-the-art sensor 
technology. First experimental research using a solid borne 
sound sensor provides promising results on the application of 
this technology to prevent damage from the tool and increase 
tool reliability and efficiency of serial production. 
The project results support European tool making 
companies in their effort to further integrate themselves into 
the preceding and following processes of their customers. 
This allows them to develop new innovative service offerings
in the area of after-sale to differentiate themselves from global 
competitors in order to overcome the challenges of production 
in high-wage countries.
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